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ABSTRACT 

Compliant  mechanisms  can  be  viewed  as  a  single  elastic  continuum  and  gain  mobility  from  the  deflection  of 
flexible  members  rather  than  links  and  Joints.  Compliant  Mechanisms  are  modeled  using  the  methods  of  continuum  solid 
mechanics  rather  than  rigid  body  kinematics.  Structural  Optimization  techniques  can  be  adopted  for  compliant 
mechanism  design.  The  geometric  structure  of  a  compliant  mechanism  and  the  properties  of  the  material  it  is  made  of 
determine  its  force  and  motion  transmission  capability.  Design  of  compliant  mechanisms  then  becomes  an  inverse 
problem  wherein  the  geometry  of  the  flexible  material  continuum  for  a  given  material  is  to  be  obtained  for  prescribed 
force  and  displacement  specifications.  Continuous  Optimization  methods  are  employed  in  solving  this  inverse  problem. 
The  unique  feature  of  this  design  method  is  that  optimal  solutions  of  the  compliant  mechanisms  can  be  generated 
automatically  to  obtain  desired  force-deflection  behavior.  No  decisions  are  made  about  this  physical  form  of  the  compliant 
mechanism  at  the  outset  except  specifying  the  space  in  which  it  should  fit.  The  optimization  algorithm  generates  the  best 
solution  for  a  given  problem  specification.  The  solutions  obtained  in  this  manner  have  adequate  details  to  generate  the 
manufacturing  information  automatically  in  the  form  of  computer  numerically  controlled  machine  code  for  macro 
devices. 
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INTRODUCTION  ON  DISTRIBUTED  COMPLIANCE 

The  elastic  deformation  in  a  compliant  mechanism  can  be  limited  only  to  a  small  portion  as  in  mechanisms 
with  flexural  or  notch  hinges.  Such  mechanisms  are  called  lumped  compliant  mechanisms  and  they  can  be  analyzed 
and  designed  using  rigid-body  kinematic  techniques  [1].  On  the  other  hand,  if  a  large  portion  of  the  structure 
deforms  as  shown  in  figure  is  called  distributed  compliance. 

Continuum  Models 

If  the  Deforming  structure  has  a  regular  geometry  such  as  beam  with  constant  cross-section  area  or  a 
diaphragm  of  uniform  thickness,  analysis  and  design  can  be  accomplished  with  simple  analytical  models  such  as 
euler  beam  theory  model  and  pseudo-rigid-body  model  [2] . 

Structural  Optimization 

Structural  Optimization  techniques  enable  us  to  design  optimum  structures  systematically  [3].  The  essence 
of  structural  optimization  is  the  economical  and  efficient  use  of  material  in  designing  a  structural  component  to 
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meet  certain  objectives  under  some  constraints. 

Topology  Optimization 

Topology  Optimization  is  at  the  highest  level  in  structural  optimisation  and  is  the  most  general.  When  we  have  a 
design  domain  in  which  the  compliant  mechanism  has  to  fit  and  we  want  to  use  only  a  limited  amount  of  material  to  create 
the  mechanism,  we  should  consider  all  possible  ways  of  distributing  the  material  within  the  domain  [4] .  Like  type  synthesis 
techniques  of  rigid-link  mechanisms,  topology  Optimisation  procedures  bring  a  multitude  of  possible  designs  into  the 
hands  of  a  designer  [5,6].  The  algorithm  of  Topology  optimisation  tool  will  determine  the  optimum  topology  for  the  design 
domain.  The  developments  in  the  last  decade  have  resulted  in  very  efficient  design  parameterizations  that  lead  not  only  to 
optimal  topology  but  also  to  shape  and  size  simultaneously  [7.8]. 

OPTIMALITY  CRITERIA  (OC)  METHOD 

An  optimality  criteria  (OC)  solution  method  (Figure  A2.1)  is  used  for  topological  optimization  [9,  10].  The  usual 
inputs  to  topology  optimization  such  as  the  size  and  shape  of  the  design  domain,  the  location  of  physical  supports,  the 
location  and  direction  of  the  applied  force  from  the  PZT  stack,  and  a  limit  on  the  total  material  resource  or  volume  are 
required.  In  addition,  the  location  and  direction  of  the  desired  actuator  output  are  required  [11,  12].  OC  methods  are  well 
suited  for  problems  with  a  small  number  of  constraints  compared  with  a  number  of  design  variables  and  are  generally  more 
computationally  efficient  than  the  mathematical  programming  methods  [13,1  4].  As  there  is  only  one  active  constraint  (the 
material  resource  constraint),  the  OC  method  can  be  used  to  provide  more  rapid  convergence  when  compared  with  the 
sequential  linear  programming  algorithm  [15,  16].  This  shows  that  the  OC  method  is  the  suitable  method  over  the  other 
methods  as  discussed  by  Kikuchi  and  Nishiwaki  (1998),  Belegundu  and  Chadruparla  (1999),  Lau  and  Du  (2001),  Xu  and 
Ananthasursh  (2003),  Yin  and  Ananthasuresh  (2003),  Pedersen  and  Anandhasuresh  (2006),  Rubio  and  Nishiwaki  (2010). 

Normally  the  topology  optimization  is  carried  out  using  ANSYS  topological  optimization  tool  or  MATLAB 
software.  This  involves  the  following  stages,  viz,  preprocessor,  Solution  and  Post  processor  [17,18]. 

•  Preprocessing:  In  the  topology  optimization,  first  model  the  design  domain,  then  mesh  the  design  domain,  and 
apply  the  load  and  boundary  conditions. 

•  Solution:  This  is  an  important  stage  in  the  topology  optimization  of  the  compliant  mechanism.  In  this  stage,  the 
objective  function  and  constraint  for  the  topological  optimization  should  be  specified,  and  then  the  number  of 
iterations  for  the  topological  loop  should  be  specified. 

•  Post  processing:  Plot  the  optimized  topology  at  different  iterations.  Optimize  the  shape  manually  based  on  the 
topology  obtained.  Model  the  optimized  shape  and  analyse  it  for  the  structural  behaviour. 

STEPS  OF  THE  OC  METHOD 

The  OC  procedure  involves  the  following  steps: 

•  The  nodal  deflection  field  of  the  structure  is  obtained  using  a  linear  finite-element  analysis. 

•  The  design  variables  are  resized  on  the  basis  of  the  OC  with  a  limiting  step  size  of  10  per  cent.  This  step  size  limit 
is  used  to  prevent  the  algorithm  from  converging  in  just  one  iteration. 


Impact  Factor  (JCC):  6.8765 


NAAS  Rating:  3.11 


Design  and  Optimal  Synthesis  of  Compliant  Mechanisms-  an  Optimality  Criteria  Approach 


1311 


•  A  search  direction  S  is  defined  as  Anew  -  Aold,  where  A  is  the  vector  of  design  variables. 

•  A  one-dimensional  minimization  on  the  variable  a  is  used  to  find  the  maximum  objective  value  along  the 
direction  S  while  constraining  the  design  variables  to  remain  within  their  bounds. 

•  By  iterative  procedure  the  solution  convergence  is  obtained 

These  steps  carried  out  to  design  the  complaint  amplifier  are  shown  in  the  Figure  1 . 
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Figure  1:  OC  Procedure 

DESIGN  OF  COMPLIANT  AMPLIFIER  FOR  THE  SPECIFIED  OUTPUT  DISPLACEMENT 


The  compliant  amplifier  has  been  designed  by  topology  optimization  from  a  rectangular  geometry.  The  work  has 
been  extended  to  other  regular  basic  geometries.  In  this  design,  both  Geometric  advantage  and  Mechanical  advantage  have 
been  considered  as  objective  function  [20,  21].  However,  in  real  time  applications,  it’s  necessary  to  obtain  a  specified 
output  displacement  at  given  location  for  the  given  input.  The  compliant  amplifier  has  been  designed  using  Ansys  - 
topology  Optimization  Tool.  Hence  the  design  of  compliant  amplifier  for  the  specified  output  displacement  under  the  given 
input  conditions  can  be  attempted  using  cosmos  or  Matlab  software  also. 

DESIGN  OF  A  COMPLIANT  AMPLIFIER  FOR  OPERATING  A  PROPORTIONAL  VALVE 


In  the  field  of  fluid  control  applications,  the  Piezo  actuators  are  widely  used.  Piezo  Injectors  based  Piezo  actuators 
offer  a  short  response  time.  It’s  available  in  compact  size  and  potentially  low  cost.  Also  its  used  in  automotive  and 
aerospace  applications. 

Here  Compliant  amplifier  suitable  for  operating  a  proportional  valve  is  taken  for  design. 
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Input  Conditions 

Input  conditions  are  given  in  the  Table  1. 

Table  1:  Input  Conditions  for  the  Rectangular  Design  Domain 


Maximum  Input  force  from  PZT 

ION 

Upper  limit  of  design  variable 
(Cross  sectional  area  of  the  element) 

20  mm2 

Lower  limit  of  design  variable 
(Cross  sectional  area  of  the  element) 

0.1  mm2 

Output  Requirements 

The  displacement  which  is  required  to  fully  open  the  proportional  valve  is  7.8  mm.  So,  the  output  displacement 
from  the  compliant  mechanisms  integrated  with  piezo  actuators  to  be  designed  is  7.8  mm,  when  the  maximum  input  force 
is  applied. 

Problem  Specifications 

The  Problem  specification  along  with  material  Properties  are  given  in  the  Tables2. 

Table  2:  Problem  Specifications  for  the  Rectangular  Design  Domain 


Basic  design  domain  (Rectangular  domain) 

500  mm  x  400  mm 

Young's  modulus 

180  GPa 

Poisson's  ratio 

0.30 

Maximum  input  force 

10N 

Upper  limit  of  design  variable 

20  mm2 

Lower  li  Lower  Limit  of  design  variable 

0.1  mm2 

Output  displacement  at  output  port 

7.8  mm 

METHOD  OF  SOLUTIONS 

Optimality  Criteria  (OC)  method  will  provide  the  quick  convergence  so  it  has  been  used  in  this  analysis. 
In  the  design  domain,  the  boundary  conditions  specified  as  the  left  side  of  the  design  domain  fixed  completely  and  a  point 
load  is  applied  at  the  bottom  face.  The  material  property,  the  domain  dimensions  and  design  variable  are  given 
subsequently.  Figure  2(a)  shows  the  design  domain  with  boundary  conditions.  The  discretized  domains  with  the  nodal 
constraints  are  shown  in  Figure  2(b).  The  incremental  iterations  for  obtaining  the  optimal  topology  of  the  mechanism  are 
shown  in  Figures  2(c)  to  2(h).  The  compliance  variation  is  represented  in  Figure  2(i)  and  the  displacement  plot  of  the  final 
topology  is  represented  in  Figure  2(j). 
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(c)  Topology  after  20  Iterations 


(e)  Topology  after  60  iterations 


(g)  Topology  after  100  Iterations 
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(d)  Topology  after  40  Iterations 


(f)  Topology  after  80  iterations 


(h)  Topology  after  120  Iterations 


(i)  Compliance  variance  (j)  Displacement  plot 

Figure  2:  (a-j)  Iterations  of  Topology  Optimization  of  Compliant  Amplifier 
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RESULTS  OF  THE  NUMERICAL  EXPERIMENT 

•  The  input  displacement  given  by  PZT  to  compliant  mechanism  is  2.5mm  corresponding  to  input  force. 

•  The  output  displacement  obtained  at  the  output  port  of  compliant  mechanism  is  7.80  mm. 

•  The  Geometrical  Advantage  (GA)  of  the  optimized  topology  is  2.5. 

•  The  Geometrical  Advantage  obtained  from  ANSYS  is  2.37. 

•  The  Mechanical  Advantage  (MA)  obtained  is  0.50. 

CONCLUSIONS 

The  final  design  of  compliant  amplifier  obtained  using  Topology  Optimization  was  analysed.  The  output 
displacement  obtained  is  7.80  mm.  The  amplified  output  displacement  is  used  to  operate  the  proportional  value  and  used  to 
operate  a  micro  vibratory  chute  also. 
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